Introduction
Grain-oriented electrical steel is widely used as core of transformer because of its high magnetic induction and low iron loss. The magnetic property of grain-oriented electrical steel has a direct connection with sharp {110} < 001 > texture 1) (Goss texture). Goss texture is generated originally from the shear zone of hot-rolled band, and becomes main component after abnormal grain growth during secondary recrystallization annealing.
2) It's well known the Goss texture depends sensitively on the number and size of precipitates, which are also called as "inhibitors". Inhibitors can be divided into two kinds: inherent inhibitors and acquired inhibitors. Inherent inhibitors are acquired by adding grain boundary precipitation elements during melting, then they precipitated during casting or hot rolling. Acquired inhibitors are acquired by nitriding after primary recrystallization annealing.
3) The inhibitor have a great effect on the inhibition of grain growth during primary recrystallization annealing, and promote the abnormal grain growth of Goss grain during secondary recrystallization annealing, so excellent magnetic properties can be obtained. Usually, inhibitors are MnS, AlN 4) and Cu 2 S, 5) whose size are smaller than 100 nm. MnS has higher dissolve temperature, and leads to a high slab reheating temperature of 1 350°C, which decreases yield of the slab. While AlN requires additional process of
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normalizing after hot rolling, and nitriding during primary recrystallization annealing to obtain enough inhibitors. High temperature reheating, normalizing and nitriding need more energy consumption when MnS and AlN is used as inhibitor. At present, dominating technologies of producing high magnetic induction grain-oriented electrical steel choose AlN as the main inhibitor, and add small amount of element which precipitates in grain boundary to form auxiliary inhibitors. [6] [7] [8] [9] Niobium is a kind of typical grain boundary precipitation element which has strong tendency to form carbonitride instead of forming oxide or sulfide.
10) Meanwhile, high plastic deformation of matrix can promote precipitation of Nb(C, N) in dislocation, and restrain the recrystallization of austenite grains. 11) Thus niobium is potential to be inhibitor formation element. It was reported Nb(C, N) has lower solid dissolve temperature than inherent inhibitor in usual grain-oriented silicon steel such as MnS, and it can refine recrystallized grain in hot-rolled band, restrain grain growth during primary annealing, improve grain distribution during decarburization annealing. 12) Niobium has been studied as a promising element to form inhibitor in grain-oriented silicon steel: Research showed that grain-oriented silicon steel using Nb(C, N) as the inhibitor had the lowest iron loss and highest percentage of Goss texture. 13) After hot band annealing at 1 000°C, Goss texture content didn't decrease as common grain-oriented silicon steel, so hot band annealing can be left out if the hot rolling is optimal, this work has guiding significance but lacks of study of the inhibitors.
Wang et al. 14) made a comparison of Cu 2 S and Nb(C, N) as inhibitor, analyzed texture evolution and grain size distribution of the sheets, and drew the conclusion that Nb(C, N) has overwhelming number density and grain pinning effect, while Goss texture in hot rolled band with Nb addition was weaker than that in hot rolled band with Cu addition. Secondary recrystallization annealing did not proceed in sample with Nb addition, the author considered that overmuch {113} < 110 > texture prevented the growing of Goss texture. Feng et al. 15) studied the dissolution and precipitation character of inhibitor by mathematical simulation after slab reheating, and made observation of the inhibitors, proved Nb(C, N) has lower solution temperature than AlN and MnS. Good dissolution property of Nb(C, N) was proved, so the character of Nb(C, N) in later manufacture steps requires further study. Former study 16) has proved that precipitates could affect the formation of Goss texture during hot rolling, so it is significant to study the effect of niobium on Goss texture after hot rolling and hot band annealing.
Making comparison with the traditional Hi-B steel using AlN as the inhibitor, the present work has studied the precipitation of inhibitors and texture evolution of Nb-bearing grain-oriented electrical steel before and after hot band annealing. Composition and number density of the inhibitors, Goss texture and microstructure along the thickness direction of band have been measured. The inhibition effect of inhibitors has been analyzed quantitatively. The stoichiometric ratio of C/N in Nb(C, N) has been determined.
Experimental Materials and Procedures
Grain-oriented silicon steel without Nb addition is named sample1# while that with Nb addition is named sample 2#. Both sample with and without niobium addition were melted by a 100 kg vacuum induction furnace at the temperature of 1 640°C, and cast into 210 mm × 120 mm × (30-50) mm square ingot. Both ingots were reheated at 1 250°C for 4 hours, after reheating the slab was hot-rolled, finish rolling temperature was 970°C. After that the hot rolled bands were annealed, both hot bands of sample 1# and 2# was kept at 920°C for 3 mins and quenched in boiled water. To make further study on precipitates in sample 1# after nitriding, annealed hot band of sample 1# was nitrided at 750°C in the atmosphere of nitrogen, hydrogen and ammonia, then the precipitates were also investigated. Chemical composition of the samples is listed in Table 1 :
Precipitates in the sample were analyzed by JEM-2100 transmission electron microscopy (TEM), and 100 TEM images were taken for each sample. Size and number of the precipitates were counted by the Image-Pro Plus (IPP) image analysis software. Composition of the precipitates was analyzed by Energy Dispersive Spectrometer (EDS) equipped on TEM. In order to study the exact structure of Nb(C, N), its electron diffraction pattern was also measured by TEM and analyzed by a Digital micrograph image analysis software. Microstructure and texture of the samples were measured by the Electron Back-Scattered Diffraction (EBSD) system of a Nova 400 field emission scanning electron microscopy (FE-SEM), experiment result of EBSD is analysed by a HKL Channel 5 EBSD software. Comparison of size and number density of the precipitates in hot rolled bands is shown in Fig. 2 . It can be concluded that precipitates in sample 2# has have great number density and relatively smaller size which is better than precipitates in sample 1#. Comparison of size and number density of the precipitates in annealed hot bands is shown in Fig. 4 . After hot band annealing, part of the inhibitors in sample 2# dissolved, while inhibitors in sample 1# continue to precipitate. Size of the inhibitors in both samples was increased.
Results

Precipitation Feature of Inhibitors in Hot Rolled
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Precipitation Feature of Inhibitors in Sample 1#
after Nitriding Typical shape and EDS spectrum of precipitates in nitrided cold rolled band are shown in Fig. 5 , among them (a) is the precipitates in surface, (c) is the precipitates in center of the band. It can be seen that precipitates in sample 1# has increased sharply after nitriding, average size of the precipitates in the surface is less than 50 nm, while that of precipitates in the center is around 100 nm. According to analysis results of EDS, main component of the precipitates is Si 3 N 4 and MnSiN 2 , which is not stable inhibitors and will resolve in later process of secondary recrystallization annealing, 17) AlN only takes a small part of the precipitates. Meanwhile number density of the precipitates in nitrided band is inhomogeneous along the thickness direction, such a phenomenon has to be eliminated by heat preservation for over 4 hours during secondary recrystallization annealing. 18) According to the statistics results, the average size of precipitates after nitriding is 35.97 nm, and the number density of them is 5.57 × 10 7 /mm 2 . Comparing to Nb(C, N), nitrides have smaller size, greater number density but inhomoge- Thus it is necessary to analyze the ratio of carbon atom and nitrogen atom in niobium carbonitride. The selected area electron diffraction (SAED) pattern of niobium carbonitride was analyzed and lattice parameter was calculated to confirm specific content of carbon and nitrogen in Nb(C x , N y ).
Around five patterns of each sample were analyzed and mean value of them was calculated, Fig. 6 is a selected area electron diffraction in [001] orientation of Nb(C, N) in hot rolled band. The mean value lattice parameter of Nb(C, N) in hot-rolled band is 4.456Å, near 4.4702Å of NbC, which means carbon has overwhelming majority in Nb(C, N). Assuming that x + y = 1 in Nb(C x , N y ) and there is no vacancy in the crystal structure, according to the relationship of lattice parameter with composition, 19) stoichiometric number of C and N in Nb(C, N) can present as Nb(C 0.85 , N 0.15 ). 
Texture of Hot-rolled Band
EBSD analyses of Goss orientation grains within 10° of exact Goss orientation and IPF(inverse pole figure) coloring are shown in Fig. 8, each figure is a 1/2 cross section of the sample perpendicular with TD (transverse direction) among them (a) and (c) is the Goss texture and IPF of sample 1#, (b) and (d) is the Goss texture and IPF of sample 2#. In the section, the thickness of surface, subsurface and center part is near 1/3 of the half band thickness respectively. The ODF (orientation distribution function) section at φ 2 = 45° is shown in Fig. 9 .
From Figs. 8(a) and 8(c), it can be seen that there are mainly small equiaxial grains in surface layer and large elongated grains parallel to RD along with deformation zone in the subsurface layer, and deformation zone mainly and center. Goss texture mainly locates in the subsurface, volume fraction of Goss texture in the subsurface is 1.09%. From Fig. 9 , it can be seen that texture in hot rolled band of sample 1# is mainly {110} < 001 > , {112} < 111 > and {001} < 100 > component, texture in hot rolled band of sample 2# is mainly {110} < 001 > , {111} < 112 > and {110} < 112 > component. The intensity of γ fiber is around 1 in sample 1# while that in sample 2# is between 2 and 3. Intensities of Goss texture are both around 1 in two samples.
Texture of Annealed Hot Band
EBSD analyses of Goss orientation grains within 10° of exact Goss orientation and IPF coloring are shown in Fig.  10 . Each figure is a 1/2 section of the sample, The ODF section at φ 2 = 45° are shown in Fig. 11 : According to Figs. 10(a) and 10(c), after hot band annealing, inhomogeneity along the thickness still exists, there are small grains in the surface and coarse grains in the subsur- face and center, little deformation texture is observed. Part of Goss texture also exists in deformed zone of subsurface. Volume fraction of Goss texture in the subsurface is 0.56%, decreases for 55% comparing with that of hot rolled band. According to Figs. 10(b) and 10(d), after hot band annealing, there are coarse grains in the surface, and deformation zone in the subsurface and center. It can be seen that Goss texture still exists in subsurface. Volume fraction of Goss texture in the subsurface is 0.65%, Goss texture decreases for 40% comparing with that of hot rolled band.
According to Fig. 11 , it can be seen that main component of texture in annealed hot band of sample 1# is {111} < 112 > ,{311} < 136 > while that of sample 2# is {111} < 112 > , {001} < 100 > . The intensity of γ fiber is between 2 and 3 in both samples. Intensities of Goss texture are both around 1. No strong Goss texture is observed in sample 2#, this result coincides with the observation results by Wang et al. 14) 4. Discussion
Comparison of the Inhibitors
Grain-oriented silicon steel has a dual phase of ferrite and austenite at the temperature range of 760°C-1 210°C, and the solubility of Nb(C, N) in austenite is a magnitude higher than that in ferrite.
11) So the dissolution temperature of Nb(C, N) should base on the solubility of Nb(C, N) in austenite, only taking the solubility of Nb(C, N) in ferrite into account 15) is incomplete. Dissolution temperature of the precipitates is calculated by Eqs. (1)- (4), 11, 20) where T is temperature in Kelvin, [Nb] , [C] , and [N] are mass percentage of the elements, subscript γ and α represent austenite and ferrite respectively:
. . Solubility products of different inhibitors in austenite are shown in Fig. 12 . On the same temperature, the order of solubility products of inhibitors in sequence from high to low is: NbC > NbN > AlN > MnS.
Dissolution temperature of AlN and MnS in sample1#, NbC and NbN in sample2# are shown in Table 2 . It can be seen that all of the three kinds of inhibitor can precipitate during hot band annealing process.
At the condition of hot rolling at the temperature around 1 000°C and cooling within furnace, 38%N as AlN, 32%S as MnS precipitated, 23) precipitation percentage of Nb(C, N) is 50%. 24) The aggregation and orientation tendency of Nb(C, N) in hot rolled band shown in Fig. 1(c) may occur if particles are formed on the γ − α interface. 25) By the theory proposed by Klinkenberg et al., 11) these particles have Baker-Nutting orientation relationship with the surrounding matrix. According to this relationship, either a < 100 > or < 011 > direction of the carbonitride particle is parallel with a < 100 > direction of the ferrite unit cell. Other carbonitride which is incoherent is thought to be formed within austenite.
Being a microalloying element, niobium has an important effect on forming particles to pin austenite recrystallization, which leads to grain refinement. Niobium carbonitride has a tendency of precipitating in grain boundary, subboundary and dislocation, so Nb(C, N) precipitates faster in the deformed matrix. Research 26) showed that Nb(C, N) precipitates over 50% within 10 2 sec in austenite with 44% deformation rate, but it takes over 10 3 sec to reach the same precipitates proportion in austenite without deformation. According to former research results, 27) Nb-bearing hot rolled band has larger volume fraction of precipitates when quenching temperature is lower at 775°C instead of 900°C. It is also reported that 28) in steel containing 0.03% Nb, the peak of TTP curve of Nb(C, N) in sample with a 10 − 3 /s deformation is about 900°C, lower than the peak of TTP curve of Nb(C, N) without deformation, which is around 950°C. The particles will precipitate on dislocations instead of growing on pre-existing particles at lower temperature and heavy deformed matrix, due to the diffusivity decrease at lower temperature. Nb(C, N) has better precipitation kinetics in deformed matrix.
Comparison of the Microstructure
Recrystallization percentage of hot-rolled band of sample 1# was 37.6%, after hot band annealing, recrystallization percentage rose up to 86.5%. While recrystallization percentages of hot-rolled band and annealed hot band of sample 2# were 16.7% and 36.7%. According to former research about steel bearinging niobium, it may be considered that solute element of Nb delays the recrystallization, [29] [30] [31] niobium carbonitride existing before hot deformation cannot prevent austenite recrystallization but Nb-supersaturate austenite can accommodate high deformation without dynamic recrystallization. Generally, after recrystallization during hot band annealing, sharpness of Goss texture will decrease, only a small part of Goss texture is preserved and then grows during secondary recrystallization annealing. But in sample 2#, for the reason that grain growth is pinned by more precipitates, only Goss texture in the surface decreased, Goss texture in subsurface and interface was preserved. Hot-rolled band of sample 2# has a relative feature of strong γ texture compared with annealed hot band of sample 1#, which usually appears after primary annealing in conventional grain oriented silicon steel.
It is noticed that the grain in the surface layer of sample 2# has obviously larger size, at around dozens of micrometer. In the process of hot deformation, shear force at the surface layer is relatively stronger, leading to higher storage energy for recrystallization. While Nb(C, N) precipitate after dynamic recrystallization, so grain in the surface layer of sample 2# can grow coarse. MnS can precipitate during hot rolling/dynamic recrystallization, so the grain in the surface layer of sample 1# is small.
Analyses of Inhibition Intensity of the Inhibitors
The inhibition effect of the inhibitors is calculated quantitatively in the present work. On the basis of abnormal grain growth theory proposed by M. Hillert, 32) inhibition intensity can be determined by formula (7) about inhibition of secondary phase particles proposed by Zener: Where P s is the pinning force of the particles; F υ is volume fraction of secondary phase particles, %; γ is grain boundary energy; r is the radius of the particle, nm. It can be concluded that the pinning effect increases as the volume fraction of particles increases or the particle size reduces.
Assuming that γ is constant value, according to calculation, for sample without niobium addition, F υ /r in hotrolled band is 2 128·m
, and F υ /r in annealed hot band is 7 429·m
. For sample with niobium addition, F υ /r in the hot-rolled band is 103 746·m
, F υ /r in annealed hot band is 90 666·m
. So it can be concluded that hot-rolled band of sample with niobium addition has the strongest pinning effect.
The reason why microstructure of sample with niobium addition almost remains the same after hot band annealing has been mentioned above. Basing on the research of zener, T. Gladman 34) proposed formula (8) to calculate the critical size of secondary phase particle (r*) which is needed to pin grain growth: Where R 0 is the matrix grain size, μm; f is the volume fraction of precipitate particles, %; z is the ratio of the radii of growing and matrix grains, here taking the value of z = 2.
The volume fraction of precipitate particles can be acquired by Eqs. (9), (10) Where N υ is the number of particle per unit volume in specimen (m − 3 ), N a is the number of particle per unit area in specimen (m − 2 ), d i is apparent particle size of ith precipitate among n precipitates (m), d is harmonic mean of second phase particle size (m), V is volume fraction of second phase particle.
It can be calculated that in sample with niobium addition, volume fraction of precipitates in hot-rolled band is 3.6 × 10
, average grain size is 4.51 μm, calculation result of r* in Eq. (8) , average grain size is 5.97 μm, calculation result of r* in Eq. (8) is 41.04 nm. Precipitates in either hot-rolled band or annealed hot band are around the critical size which is needed to inhibit grain growth. So it may be considered that little texture change can be explained by pining effect of second phase particles.
Conclusion
The article analyzed precipitates and texture in hot-rolled band and annealed hot band of grain-oriented silicon steel with Nb addition, compared with that in grain-oriented silicon steel without niobium addition, and the following conclusions are summarized:
(1) Precipitates in hot-rolled band of sample without niobium addition are mainly MnS and compound precipitates of MnS and AlN, their average size is 60.1 nm, number density is 1. (2) Precipitates in both hot-rolled band and annealed hot band of sample with niobium addition are mainly Nb(C, N), average size of precipitates in hot-rolled band and annealed hot band is 34.1 nm and 67.5 nm respectively. After hot band annealing, number density of precipitate decreases from 3.80 × 10 7 /mm 2 to 9.08 × 10 6 /mm 2 . According to calculation, inhibitor with higher number density and smaller size in sample with niobium addition is generated after hot rolling step.
(3) Lattice parameter of Nb(C, N) in sample with niobium addition decreased from 4.456Å to 4.431Å after hot band annealing, which means chemical formula also changed from Nb(C 0.85 , N 0.15 ) to Nb(C 0.71 , N 0.29 ), NbC is proved to be the main component of Nb(C, N) in the present samples.
(4) Strong pinning effect of niobium carbonitride has been proved by the fact that texture and microstructure changed little after hot band annealing. After hot band annealing, recrystallization rate of sample without niobium addition is 86.5%, but recrystallization rate of sample with niobium addition is 36.7%. Solute element of niobium is thought to be the cause of poor recrystallization. Goss texture in sample without niobium addition decreases 55%. But Goss texture in sample with niobium addition only decreases for 40%. Combining with statistics and texture evolution results above, niobium could be helpful to obtain ideal inhibitor. On consideration of simplifying manufacture process and obtaining inhibitors with strong pinning force, hot band annealing may be omitted when niobium is chosen as addition of grain-oriented electrical steel.
